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To support effective host defense, the T cell repertoire must balance breadth of recognition with sensitivity
for antigen. The concept that T lymphocytes are positively selected in the thymus is well established, but how
this selection achieves such a repertoire has not been resolved. Here we suggest that it is direct linkage be-
tween self and foreign antigen recognition that produces the necessary blend of TCR diversity and specificity
in the mature peripheral repertoire, enabling responses to a broad universe of unpredictable antigens while
maintaining an adequate number of highly sensitive T cells in a population of limited size. Our analysis also
helps to explain how diversity and frequency of antigen-reactive cells in a T cell repertoire are adjusted in an-
imals of vastly different size scale to enable effective antipathogen responses and suggests a possible binary
architecture in the TCR repertoire that is divided between germline-related optimal binding and diverse
recognition.Introduction
For T lymphocytes to carry out their adaptive immune function,
each must respond to antigen with exquisite specificity, yet as
a population be able to recognize an enormous diversity of li-
gands. Both of these features are conferred on the population
of ab T cells in an individual by the repertoire of antigen-specific
receptors they express, with (for the most part) each lymphocyte
bearing a unique T cell receptor (TCR) generated by a quasiran-
dom process of somatic recombination of V(D)J gene segments
and nucleotide insertion (Jung and Alt, 2004). This process can
produce an excess of 1015 different TCR sequence combina-
tions (Davis and Bjorkman, 1988; Murugan et al., 2012; Zarnit-
syna et al., 2013). The human naive T cell pool contains 1011
T cells and that of mice 108 cells, so it is clear that the entire
combinatorial diversity of TCR sequences cannot be repre-
sented within the T cell repertoire of one individual. Thus, a sub-
set of all possible TCRsmust be sufficient to provide an effective
T cell contribution to pathogen resistance. It has been presumed
that the primary feature of a T cell repertoire that supports this
capacity is the enormous and random diversity of the TCRs rep-
resented (Davis and Bjorkman, 1988). However, the diversity of
themature T cell repertoire is far from random and additional fac-
tors are important to ensure that the population of T cells present
in an individual constitutes an effective repertoire with which to
prevent pathogen persistence and spread. Here we discuss
what constitutes the structure of a useful T cell repertoire and
use recently reported findings to suggest a new view of how
thymic selection contributes to this goal.
Translating the Protecton Theory to T Cells
Conventional CD4+ and CD8+ T cells expressing ab receptors
recognize protein antigens in the form of a short peptide bound
to host-encoded major histocompatibility complex moleculespresent on the cell surface (pMHC). T cells survey the body for
MHC-presented antigen by continuously recirculating between
blood and secondary lymphoid organs, the sites where T cell re-
sponses are initiated (von Andrian and Mempel, 2003). This
mobility greatly improves the chances that a given T cell will
encounter pMHC ligands matching its TCR. However, to rapidly
detect rare antigen early in an infection, not only does an antigen-
specific T cell have to be present in the T cell pool, but aminimum
number of T cells of a given specificity is also required. Given the
size constraints of a T cell population, a tradeoff therefore arises.
As the precursor frequency of a given antigen specificity in-
creases, the time to detection of this antigen will decrease, but
so will the overall diversity of the T cell repertoire, and the correct
balance of frequency and diversity is needed for optimal immune
function (Figure 1A). In contrast to what would be predicted if
maximizing diversity was of prime importance, humans and
mice have a similar precursor frequency of 1–100 cells permillion
naive CD4+ or CD8+ T cells specific for a particular pMHC ligand
despite the fact that humans have a higher absolute number of
T cells than mice (Jenkins and Moon, 2012; Su et al., 2013).
This highlights the scalability of the T cell repertoire with body
size. The basic protective unit of a B cell repertoire, the ‘‘protec-
ton,’’ is defined as the number of B cells that allows timely pro-
duction of a sufficient amount of antibody/per unit of volume
for efficient antigen neutralization and removal (Langman and
Cohn, 1987). Larger animals with higher blood volumes need
more cells of the same specificity to produce the same effective
concentration of antibody in a similar time frame. Applying this to
T cells, a protecton is the number of T cells with a particular an-
tigen specificity required to provide, in a timely manner, enough
effectors per unit of body volume to effectively combat patho-
gens. The number of repetitions of the protecton observed in
each animal is therefore dependent on the absolute size of itsImmunity 41, August 21, 2014 ª2014 Elsevier Inc. 181
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Figure 1. Features of an Effective T Cell
Repertoire
(A) Due to the fixed size of an individual’s naive
T cell pool, a tradeoff between T cell diversity and
the number of cells present of a given specificity
(precursor number) arises. If the TCR repertoire is
too diverse, the precursor frequency for a given
specificity becomes so low that the response time
to a replicating pathogen would be too slow. But if
the repertoire is not diverse enough, then foreign
antigensmay bemissed entirely. Theminimum unit
repertoire that achieves an optimal balance of
these two parameters is termed the protecton.
(B) To maintain an equal probability of successfully
detecting a foreign antigen across species with
vastly different body sizes, the absolute number of
naive T cells with a given TCR specificity has to be
greater in larger animals to maintain the protecton,
but the precursor frequency for a given antigen
stays constant as body size increases.
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ficity will vary by orders of magnitude between an elephant
and a mouse (Wiegel and Perelson, 2004). The protecton
concept predicts that the functional (antigen-specific) diversity
and relative precursor frequency of T cells will be approximately
the same in both species (Figure 1B).
The T cell repertoire is structured to optimize both precursor
frequency and diversity. Analyses of TCR sequences present
within different individuals have demonstrated that the T cell
repertoire is not a random sample of possible TCRs. TCR deep
sequencing studies show a substantial degree of overlap among
individuals bearing the same MHC alleles in the TCR sequences
that contribute to a given antigen response, so-called ‘‘public’’
TCR clonotypes (Miles et al., 2011). Given the vast number of
possible TCR sequences that can be generated during T cell
development, strictly random inclusion of a subset of TCRs
into the mature T cell repertoire would make such overlap
extremely unlikely, suggesting that there are active forces
shaping the TCR sequence landscape of mature lymphocytes.
What mechanism(s) operate to establish the set of TCRs that
fulfill the requirements of a protecton and explain biased TCR
patterns in the naive repertoire? Because the sequence of the
TCR is fixed for the lifetime of the cell, the selection of useful
TCRs has to take place prior to encounter with antigen and in182 Immunity 41, August 21, 2014 ª2014 Elsevier Inc.the absence of experience of what these
(foreign) antigens might be. In fact, it has
long been appreciated that TCR interac-
tions with self-peptide MHC (self-pMHC)
in the thymus during T cell development
provide the filtering criteria by which
TCRs are selected. However, why this is
an effective method to establish a useful
T cell repertoire has been a matter of
considerable debate.
Self-Ligands and the Selection of a
T Cell Repertoire
Developing T cells undergo a filtering pro-
cess in the thymus that establishes the
particular T cell repertoire of an individual.Crucially, life or death decisions are dictated by the strength of
TCR signaling resulting from interaction with the ensemble of
pMHC present in the thymus, a ligand pool that is composed pri-
marily of self-pMHCs (Starr et al., 2003). The CD4+CD8+ double-
positive (DP) cells with a mature ab TCR that pass the selection
criteria develop into several subpopulations, the majority of
which are MHC I-restricted CD8+ or MHC II-restricted CD4+
single-positive (SP) cells. Only 3%–5% of (DP) thymocytes
complete this maturation process (Scollay et al., 1980). DP or
SP thymocytes with too great a reactivity for self-pMHC are
induced to undergo apoptosis, a process termed negative selec-
tion or clonal deletion. Negative selection ensures that many (but
not all) thymocytes whose TCRs respond too strongly to self-
pMHC and thus present a risk of autoimmunity are purged
from the repertoire (Palmer, 2003). It is estimated that between
3% and 30% of developing thymocytes are removed this way
(Daley et al., 2013; Merkenschlager et al., 1997; Stritesky et al.,
2013; van Meerwijk et al., 1997).
Paradoxically, although T cells that obtain too-strong signals
from self-pMHCs are removed, those T cells that survive
and complete their developmental program require a produc-
tive, weaker, signal from interaction with self-pMHC to do
so. T cells incapable of such signaling die by ‘‘neglect’’ and
this requirement for a survival signal from TCR recognition of
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mental evidence for positive selection is overwhelming, just
what this process contributes to a useful T cell repertoire has
been hard to establish. Experiments more than 40 years ago
demonstrated that T cells respond maximally to foreign antigens
displayed by cells that express the MHC haplotype of the host,
now known to be specifically the MHC molecules present on
the thymic stroma and involved in positive selection (Lo and
Sprent, 1986; Rosenthal and Shevach, 1973; Zinkernagel and
Doherty, 1974a, 1974b). This feature of T cell antigen recognition
was initially called MHC restriction because the allelic form of an
MHC molecule ‘‘restricted’’ the response to a nominal foreign
antigen. From these classic experiments it was suggested that
the process of positive selection provides a mechanism to
ensure that only those thymocytes capable of recognizing anti-
gen presented by the particular MHC alleles present in an indi-
vidual would mature and occupy the T cell niche in the peripheral
immune system (Bevan, 1977; Zinkernagel et al., 1978). This hy-
pothesis was proposed prior to conclusive evidence that the
specificity of the TCR for peptide and MHC is mediated by a
single receptor (Kappler et al., 1981). Despite the fact that we
now understand that the TCR has such a dual specificity for a
conjoint, unimolecular pMHC ligand (Babbitt et al., 1985), the
MHC restriction hypothesis has remained the predominant text-
book explanation for positive selection.
After the molecular cloning of the antigen recognition (ab)
components of the TCR (Allison et al., 1982; Hedrick et al.,
1984; Kappler et al., 1983) and characterizations of the structure
of the TCR interacting with pMHC-I or pMHC-II (Garboczi et al.,
1996; Reinherz et al., 1999), the MHC restriction hypothesis in
which positive selection enforcedMHCallelic specificity became
difficult to understand as a fundamental model. Each TCR chain
has three complementarity-determining regions (CDRs) that
form the pMHC binding site. Of these, it is primarily, but not
exclusively, CDR1 and CDR2 that engage the MHC molecule
(Garcia et al., 2009). Given that CDR1 and CDR2 are germline
encoded by the variable (V) gene segments, a prediction of the
MHC restriction hypothesis in its simplest form is that there
would be a substantial concordance between the MHC alleles
of an individual and the Va and Vb gene segments predomi-
nantly expressed by mature T cells. However, such allele-spe-
cific, biased Va and Vb gene segment usage patterns have rarely
been observed, whereas biased V segment usage for MHC-I
versus MHC-II binding is well documented (Garcia et al., 2009;
Marrack et al., 2008; Sim et al., 1998). CDR1 and CDR2
do have conserved residues that play a role in MHC binding,
but these interactions involve nonpolymorphic, evolutionarily
conserved residues on the MHC molecule (Scott-Browne
et al., 2011; Yin et al., 2012). It is thought to be the two non-germ-
line-encoded CDR3s that contribute the most to the recognition
of the peptide in the MHC binding groove, although the energy
contributed to the interaction by these contacts varies among
TCR-pMHC pairs studied (Borg et al., 2005; Burrows et al.,
2010; Piepenbrink et al., 2013). Furthermore, as alloreactivity
demonstrates, TCRs are quite capable of specifically recog-
nizing and responding to peptide presented byMHCalleles other
than those on which they were selected.
A number of studies made clear that positive selection goes
beyond simply selecting for T cells capable of making a func-tional interaction with pMHC and productively signaling. The
self-peptides presented by MHC molecules that promote posi-
tive selection are not just bland space-fillers. In fact, not only is
positive selection highly peptide specific, as shown by studies
that have identified only very few self-peptides that can select
a particular TCR (Ebert et al., 2009; Lo et al., 2009), but the
complexity of the peptide pool on which T cells are selected im-
pacts the TCR repertoire and the foreign antigen recognition
specificities that are represented. This was shown in vitro using
fetal thymic organ cultures (Hogquist et al., 1993) and was also
apparent from in vivo studies. In mice manipulated to present
predominantly a single peptide by MHC-II molecules, CD4+
T cell numbers were still 20% of a normal naive CD4+ T cell
pool and substantial diversity was nonetheless observed, initially
seeming to contradict the idea that the self-pMHCs determined
the diversity in foreign pMHC specificities (Ignatowicz et al.,
1996; Surh et al., 1997; Tourne et al., 1997). However, the reper-
toire in such mice was unusually MHC-II reactive and was
missing particular antigen specificities, and a residual amount
of diversity in the pool of self-peptides presented was key
to thymic CD4+ T cell selection in these mice (Barton and
Rudensky, 1999; Grubin et al., 1997; Lucas and Germain,
1996; Sant’Angelo et al., 1997; Surh et al., 1997). Furthermore,
the description of unique proteolysis mechanisms that generate
peptides in the thymus specialized for positive selection also
emphasizes the importance of the composition of the self-pep-
tide pool for the generation of a useful complement of TCRs (Viret
et al., 2011; Xing et al., 2013).
A Direct Relationship between Self- and Agonist-pMHC
Binding by the TCR
So why positively select T cells if direct allele-specific MHC
matching of the TCR is not at the core of the process, with the
goal of filling the peripheral repertoire with ‘‘useful’’ (self-MHC
‘‘restricted’’) T cells? One important concept is that these filter
criteria establish a repertoire of specificities for subthreshold
self-pMHC ligands, enabling T cells to continue to interact
in a biologically meaningful way with self-pMHC once they
are released from the thymus, but without overt activation
(Figure 2A). Several lines of evidence have shown that such
continued interactions are important to both T cell homeostasis
and in maintaining sensitivity of T cell responses to foreign anti-
gen (Forsdyke, 1975; Krogsgaard et al., 2005; Mandl et al., 2012;
Stefanova´ et al., 2002; Surh and Sprent, 2008). Interactions with
peripheral self-pMHC provide extrinsic survival cues important
to naive T cell maintenance (Surh and Sprent, 2008). Self-
pMHC recognition also leads to the partial phosphorylation of
the TCR-associated z chain and promotes the polarization of
TCRs on the cell surface, enhancing T cell responsiveness to
foreign antigen (Stefanova´ et al., 2002). This is in contrast to
chronic exposure of T cells to their agonist, which severely
dampens TCR signaling and results in exhaustion or anergy
(Banchereau and Pascual, 2006; Singh and Schwartz, 2003),
emphasizing differences between self and agonist recognition
(Morris and Allen, 2012). Furthermore, self-pMHC can enhance
responses of monoclonal T cell blasts to foreign cognate antigen
when the agonist pMHC is rare by acting as coagonists and
amplifying TCR signaling through increasing Lck recruitment
(Krogsgaard et al., 2005). Self-peptides have been identifiedImmunity 41, August 21, 2014 ª2014 Elsevier Inc. 183
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Figure 2. MHC Restriction and the Impact of Self-Recognition on
Peripheral T Cell Function
(A) Schematic of the role of self-pMHC interactions in the function of peripheral
naive CD4+ T cells that have been described. Clockwise from top left: T cells
obtain trophic signals from interacting with self-pMHCs that are required for
their survival and, in lymphopenic conditions, lead to cell division; CD4+ T cells,
but not CD8+ T cells, are retained in secondary lymphoid organs (SLOs) by
contact with self-pMHCII-bearing dendritic cells; self-pMHC can act as co-
agonists during activation with rare agonist pMHC; recognition of self-pMHC
increases T cell sensitivity to foreign antigens by polarizing the TCR distribu-
tion in the cell membrane.
(B) Graph depicting the direct relationship between self and foreign pMHC
reactivity and the dominance of T cells with greater self-pMHC reactivity in a
response to foreign antigen. Shades of blue are used to indicate surface CD5
expression levels prior to antigen recognition.
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gonists during T cell activation of peripheral T cells (Ebert et al.,
2009; Lo et al., 2009) (Figure 2A). Lastly, another non-mutually
exclusive hypothesis for the role of positive selection is that the
selection for T cells which are anti-‘‘near-self’’ can act as an
effective barrier to prevent evolution of pathogens toward the
holes in the T cell repertoire caused by deletion of self-reactive
T cells through negative selection (Forsdyke, 1975). Notably,
none of these explanations addressed the relationship between
self and foreign agonist peptide recognition. They posit a
requirement for the recognition of self-pMHC in the periphery,
but only distinguish between T cells that either see self-ligands
or do not. The commonly held notion is that there is no predict-
able relationship between the strength of recognition of the self-184 Immunity 41, August 21, 2014 ª2014 Elsevier Inc.pMHC and foreign pMHC ligands of a TCR. It is presumed that
degenerate, heteroclitic cross-reactive recognition allows the
receptors selected by weakly binding self to show the necessary
stronger affinity for foreign pMHC.
Because TCR interactions with self-ligands occur in an affinity
range below that of TCR-agonist MHC interactions, biophysical
methods have so far been unable to measure the strength of
such interactions (Edwards et al., 2012). However, the amount
of CD5 expression provides a clone-specific read-out of the
strength of self-pMHC reactivity, thus permitting probing the
self-spectrum of naive ab T cells (Azzam et al., 1998; Mandl
et al., 2012, 2013; Smith et al., 2001). CD5 expression has a
broad distribution in polyclonal naive T cell populations, in sharp
contrast to most surface molecules whose variation in expres-
sion is limited, such as CD4 or the TCR itself. Consistent with a
T cell repertoire constructed of cells that are diverse in their
self-reactivity as a function of their TCR specificity, CD5 on naive
monoclonal T cell populations has a much narrower distribution.
Additionally, mean CD5 expression varies significantly among
different populations of monoclonal T cells with distinct antigen
specificities, strengthening the evidence for a link between
TCR specificity and CD5 expression.
Utilizing CD5 as a marker for clone-specific self-reactivity
and tetramer staining to examine foreign pMHC binding
strength, it was found that CD4+ T cells with greater self-
pMHC reactivity on average bound foreign agonist pMHC
more strongly. This was true for several agonist pMHC ligands
and indicated that a direct relationship exists between the
strength of self and foreign pMHC binding (Figure 2B). It should
be noted, however, that this relationship exists at the popula-
tion level and among polyclonal T cells there can be specific
TCRs with similar foreign pMHC affinity for the same epitope
yet distinct self-pMHC responsiveness, as recently described
(Persaud et al., 2014). A general relationship between self and
foreign pMHC binding makes it easy to see why self-peptides
provide a critical ‘‘test set’’ on which to select useful TCRs
and why the complement of self-peptides is essential for
the predictive construction of a T cell repertoire. CD4+ T cells
with higher self-reactivity predominate in acute responses to
bacterial and viral pathogens, contributing disproportionately
to the memory population after infection as a result (Mandl
et al., 2013). CD5hi T cells do not expand preferentially to in vivo
anti-CD3 stimulation, arguing that TCR-indifferent intrinsic dif-
ferences in cell state are not the origin of their better perfor-
mance in response to pathogens, although these findings do
not exclude the possibility that there might be some differences
in biologic state of the CD5lo and CD5hi T cells as a result of
stronger signaling of the latter during thymic selection or in
the periphery (Persaud et al., 2014).
The better performance under acute infection conditions of
CD5hi cells with strong foreign antigen reactivity is consistent
with previous studies that observed increased TCR binding
strength for agonist pMHC among memory T cells (Busch and
Pamer, 1999; Malherbe et al., 2004; Savage et al., 1999). This im-
pacts themean self-reactivity of the naive CD4+ T cell population
as an individual ages. In adults, CD5 expression is lower on naive
T cells than on those in neonates. This may be due to the
selective recruitment of better ligand-binding CD5hi T cells into
the memory population as a result of pathogen, vaccine, or
Immunity
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naive T cell pool (Mandl et al., 2013).
Whether there is also a direct relationship between self and
foreign agonist pMHC binding among CD8+ T cells remains to
be tested but is complicated by the fact that coreceptor expres-
sion on CD8+ T cells, unlike in CD4+ T cells, is adjusted as a func-
tion of responsiveness to self and IL-7 (Park et al., 2007). This
may disguise variation in the self-spectrum and explain why
the CD5 distribution spread among naive CD8+ T cells is
narrower than for CD4+ T cells (Mandl et al., 2013). However,
consistent with evidence from CD4+ T cells that there is a direct
relationship between self and foreign pMHC binding strength,
mutations improving TCR binding to an agonist of the CD8+
TCR clone 2C resulted in increased autoreactivity even though
the mutations were in the CDR3 regions of the TCR that contact
peptide and not MHC (Holler et al., 2003).
Self and the Architecture of a T Cell Repertoire
Polyspecificity and the Protecton
How does selection on self ensure the construction of a reper-
toire made of multiples of a protecton? We hypothesize that
given a similar size of the proteome in various vertebrate species,
the number of self-peptides presented in the thymus is roughly
the same in an elephant, a human, and a mouse. Assuming
that a universe of self-peptides of the same approximate
magnitude and highly similar, although not identical, sequence
composition would generate approximately the same range of
specificities in the selected T cell pool, it would follow that
more T cells of a given specificity would be selected in the larger
host but that the range of pMHC seen by the total T cell popula-
tion would remain comparable. Consequently, positive selection
would ensure that the frequency of a given specificity remains
the same even if many more T cells populate an elephant than
a mouse, fulfilling the requisites of the protecton concept.
Theoretical and experimental studies estimate the number of
self-peptides on which a TCR repertoire is selected to lie be-
tween 103 and 105, substantially smaller than the predicted
106–1012 foreign peptides that a given MHC allele is able to
present (Detours et al., 2000; Engelhard, 1994; Mason, 1998;
Nikolich-Zugich et al., 2004). This makes apparent what has
also been observed empirically (Hemmer et al., 1998; Su et al.,
2013): a TCR is able to bind not just a single epitope but a region
of ‘‘shape space,’’ such that a protecton contains many more
specificities than available self-ligands on which it was selected,
and implying that a single self-pMHC is capable of selecting
more than one agonist specificity. This property of TCR recogni-
tion, a form of degeneracy, plays a key role in ensuring that se-
lection by a limited number of self-pMHC results in the seeding
of a T cell pool whose range of antigen recognition enables the
requirements of the protecton to be met.
How large the shape space seen by a single TCR needs to be
and thus how many distinct peptides T cells are able to specif-
ically recognize when presented by MHC has been a matter of
debate (Hemmer et al., 1998; Mason, 1998; Nikolich-Zugich
et al., 2004; Wooldridge et al., 2012; Zarnitsyna et al., 2013).
Recent data suggest that although a single TCR can recognize
a large set of distinct peptides, this set is composed of closely
related sequences (Birnbaum et al., 2014). Not all T cells are
equally polyspecific (Kraj et al., 2001), and it is unclear whetherthere is any relationship between the strength of self-pMHC
responsiveness and the promiscuity of a given TCR. Theoretical
work suggests that extremely cross-reactive T cells are more
likely to also bind strongly to self-pMHC and hence be removed
by negative selection. Indeed, T cells produced in mice in the
absence of negative selection are more promiscuous (Huseby
et al., 2003). Conversely, T cell responses to foreign pMHCs
that are very similar to self-pMHCs are demonstrably absent
(Calis et al., 2012). Such repertoire holes increase in number
with increases in the fraction of thymocytes that are negatively
selected and therefore negative selection places an upper
bound on the polyspecificity of T cells (Borghans and De Boer,
1998). This impact of negative selection on the T cell repertoire
can have measurable consequences on T cell function. For
instance, HLA alleles, such as HLA-B57, are associated with bet-
ter control of highly mutable viruses such as HIV and may be
more effective at generating a T cell response that is cross-reac-
tive for point mutations in viral epitopes. This has been proposed
to be a consequence of being able to bind and present a lower
number of self-peptides that contribute to negative selection
(Kosmrlj et al., 2010). Thus these data lend credence to the
idea that self-pMHC binding strength might be associated with
polyspecificity.
Linking Self-pMHC and Foreign pMHC Reactivity
Reconciling the property of the TCR to bind different pMHCswith
variable affinities (Hemmer et al., 1998) with the relationship be-
tween self-pMHC reactivity and foreign pMHC binding (Mandl
et al., 2013) raises the question of what structural properties of
the TCR-pMHC interaction could account for this relationship.
Although CDR1 and CDR2 have been suggested to contribute
to peptide binding directly or by stabilizing the TCR-pMHC inter-
action in some studies (Burrows et al., 2010), given that CDR1
and CDR2 are germline encoded and thus invariant within partic-
ular a and b chains, it is difficult to see how differences in CDR1
and CDR2 could explain the observation that better self-pMHC
binders also bind better to agonist pMHC when corresponding
skews in a and b chain usage have not been observed (Garcia
et al., 2009; Marrack et al., 2008). Thus, the binding of the
CDR3 variable loops to the presented peptide and/or MHC res-
idues must be important. This suggests that many if not most of
the agonist ligands bound by a TCR, as well as being related to
each other (Birnbaum et al., 2014), will involve peptides structur-
ally related to the self-ligand, but different in crucial epitopic
chemistry and/or positioning that affect binding strength. Alter-
native modes of TCR-pMHC binding with more substantive
changes in the geometry of the CDRs on the pMHC, as has
been seen particularly in the absence of explicit negative selec-
tion of a TCR,might in rarer instances also enable the recognition
of peptides unrelated to the self-ligand or other agonists (Felix
and Allen, 2007; Hemmer et al., 1998).
On the population level, the structure of a T cell repertoire with
regard to both self-pMHC and foreign pMHC recognition also re-
mains unclear and has been studied only for a few example TCRs
(Singh et al., 2012). A simplistic model would be that T cells that
recognize a given self-pMHC respond to the same foreign
pMHC. However, because many more foreign pMHCs are
recognized by a T cell population than self-pMHCs, an exact cor-
respondence between T cells of particular self-pMHC specificity
and a foreign pMHC specificity is unlikely. Singh et al. (2012)Immunity 41, August 21, 2014 ª2014 Elsevier Inc. 185
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Figure 3. Trimming of the Repertoire and TCR Representation in the Periphery
Only a small fraction of TCRs are selected in the thymus from the TCRs that are generated (3%–5%). The distribution shape of the self-spectrum prior to selection
in the thymus is unknown, but it is probably positively skewed given that the majority of T cells die by neglect with most TCRs having at least some reactivity for
pMHC. Data suggest that thymic selection favors greater self-pMHC reactivity (inset), with negative selection providing an upper threshold for self-pMHC binding
strength of the TCRs that are selected. The self-pMHC reactivity distribution of selected TCRs that constitute the peripheral naive T cell pool therefore has a
negative skew. A prediction from current data is that TCRs from the high end of the self-spectrum in the periphery is enriched for germline TCRswhichwe term the
‘‘ur’’-repertoire (these are the only type of TCRs produced in absence of TdT), whereas TCRs from the low end of the self-spectrum are enriched for CDR3s that
have a variable number of nucleotide additions and constitute the ‘‘somatic’’ repertoire.
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CD4+ TCR Tg 5C.C7 T cells for self-pMHC but does not recog-
nize the 5C.C7 agonist peptide PCC. Thus, a model in which
T cell recognition of a particular self-pMHC guarantees recogni-
tion of the same agonist pMHC would appear to be incorrect.
Conversely, Singh et al. (2012) also showed that AND and
5C.C7 TCR Tg CD4+ T cells, which have closely related specific-
ities for agonist pMHC, do not recognize the same self-pMHC,
consistent with the identification of distinct self-pMHC for AND
and 5C.C7 cells that can act as coagonists (Ebert et al., 2009;
Lo et al., 2009). This implies that having the same agonist
pMHC specificity does not guarantee a similar self-pMHC spec-
ificity either. Whether these results can be extrapolated to the
TCR repertoire as a whole, what fraction of the repertoire can
bind a given self-pMHC, and whether in some instances there
is overlap between self and foreign specificity of distinct clono-
types will require further studies. However, it seems likely that
TCRs that have somewhat different ways to weakly bind the
same self-pMHC could have a high affinity for different foreign
pMHCs.
Evolutionary, Thymic, and Peripheral Selection Biases
Biases have been described in the generation of a T cell reper-
toire. The first type of bias is inferred from the CDR3 sequences
present in a T cell repertoire. Nonrandom events during DNA
recombination and nontemplated addition have the conse-
quence that not all possible TCRs that can be made are equally
represented in the unselected primary repertoire. TCRs en-186 Immunity 41, August 21, 2014 ª2014 Elsevier Inc.coded by a greater number of distinct recombination events
are more frequent (Venturi et al., 2008). Additionally, the preva-
lence of junctional nucleotide insertions in CDR3 is negatively
correlated with CDR3 sequence abundance (Robins et al.,
2010). Thus, TCR sequences that are more near-germline are
more likely to be shared among individuals and are present at
greater frequencies within an individual (Yassai et al., 2002;
Yassai and Gorski, 2000). Whether this is entirely explained by
such generation biases and what other processes contribute
to the greater abundance of particular clonotypes remains to
be determined.
A second type of bias observed is in the self-pMHC reactivity
of the TCRs that are included in the repertoire. Prior to selection,
the population of DP thymocytes displays a log-normal distribu-
tion of CD5, the common distribution seen for expression of
many different proteins measured in cell populations and that re-
sults from stochasticity in gene expression (Niepel et al., 2009).
However, after selection the distribution of CD5 expression
among single-positive thymocytes and peripheral naive CD4+
T cells has a negative skew and there is an overrepresentation
of CD5hi cells in the mature naive population (Figure 3; Mandl
et al., 2013). This suggests that thymic selection preferentially in-
cludes T cells with higher self-pMHC reactivity—those cells that
also have a greater binding strength for agonist pMHC, as befits
a useful repertoire. Peripheral processes may also act to impose
biases in the T cell repertoire that are maintained over time.
Heterogeneity among T cells in their self-reactivity may play an
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homeostatic conditions as T cells seek self-pMHC trophic sig-
nals (Hataye et al., 2006). How this competition occurs in vivo
within secondary lymphoid organs is not understood but it may
impact the TCR repertoire in ways that have not yet been
explored, particularly in adult humans where thymic output con-
tributes little to the maintenance of the naive T cell pool (den
Braber et al., 2012).
In addition to thymic and peripheral selection processes, most
data suggest that there is evolutionary optimization of the TCR
repertoire to enrich for TCRs that have a high likelihood of
successfully binding to pMHC (Garcia, 2012). Even if the TCR
repertoire was originally agnostic toward MHC, any germline-
encoded receptor gene segments that did not contribute to
MHC recognition in a useful way would probably be lost over
time due to neutral drift. In fact, evolutionarily conserved resi-
dues in the TCR binding region have been identified that confer
such a germline TCR bias for recognizing MHC molecules (Yin
et al., 2012). It needs to be noted that a very different conclusion
has been reached by Singer and colleagues. They have sug-
gested that the anti-MHC nature of mature T cell antigen recog-
nition is imposed by the CD4 and CD8 coreceptors on an ab TCR
repertoire agnostic with respect to MHC binding (Van Laethem
et al., 2012). However, there are alternative interpretations of
these data entirely consistent with the results cited above at
the structural and evolutionary level that suggest a germline
anti-MHC bias in the TCR repertoire (Garcia, 2012).
Given the latter view of an evolved MHC bias, we propose that
a protecton may consist of two integral components. First, the
‘‘ur’’-repertoire, which ismade up of germline sequenceswithout
nucleotide additions and that optimally preserves this selected
anti-MHC nature, and second, the TCRs that increase the diver-
sity of the repertoire through the addition of random nucleotides
in the V(D)J junctions by terminal deoxynucleotidyl transferase
(TdT). These TCRs constitute the ‘‘somatic’’ repertoire, which
might overall show lower pMHC binding strength because of
the introduced sequences (Figure 3). The ur-repertoire diversity
is still substantial—with a possible 7.5 3 106 TCRs in humans
and 1.23 106 inmice that can result from simple recombinations
of the numerous V(D)J segments and the different a and b chains
(Turner et al., 2006). In absence of TdT, the diversity of the T cell
repertoire is reduced by 90%–95% (Cabaniols et al., 2001), yet
mice deficient in TdT nevertheless are not immunodeficient,
but are able to clear a number of different infections normally
(Gilfillan et al., 1995), consistent with the idea that germline
TCRs have been evolutionarily optimized to be useful. If germline
CDR3s already have a high probability of binding strongly
to pMHC, this might predict that a greater fraction of CD5hi
T cells are near-germline than are CD5lo T cells. Consistent
with this, T cells during fetal development are initially produced
in absence of TdT and CD4+ T cells in neonates express signifi-
cantly greater levels of CD5 (Mandl et al., 2013). In addition,
positive selection is more efficient in TdT-deficient mice (Gilfillan
et al., 1994).
pMHC Binding Strength Diversity, Cell Fate, and
Function
Why risk the ‘‘dilution’’ of an effective germline repertoire
with amino acids encoded by nucleotide additions? Several
possible, non-mutually exclusive hypotheses might explain theevolutionary advantage of this TdT-mediated process. First,
although nongermline CDR3s might have a higher probability
of binding less well to many pMHC, in some instances TdT might
result in the production of TCRs that are substantially better at
binding to particular pMHC(s) and these TCR might contribute
importantly to a T cell response (Figure 3; Messaoudi et al.,
2002). Second, the increased repertoire diversity resulting from
the inclusion of CDR3swith nucleotide additionsmight be partic-
ularly critical for maintaining control of highly mutable pathogens
prone to escape from oligoclonal T cell responses (Meyer-Olson
et al., 2004; van Gisbergen et al., 2011). Third, incorporating not
just the very highly responsive TCRs into the repertoire might
have benefits during chronic infections, where such T cells are
more likely to become exhausted and ineffective (Wherry,
2011). Indeed, a very highly self-pMHC reactive CD4+ T cell
clone has been shown to expand poorly due to activation-
induced cell death upon agonist ligand exposure (Persaud
et al., 2014). Lastly, a growing body of work suggests that the
strength of the TCR-pMHC interaction dictates not only the
magnitude of the response, but also its quality by impacting
cell fate and differentiation during an immune response (Corse
et al., 2011). Therefore, the inclusion of T cells with distinct pro-
pensities to make particular cell fate decisions as a result of
properties of their TCR might critically influence the effective-
ness of a T cell response.
On this theme, the differentiation of naive CD4+ T cells into
distinct helper lineages is influenced by pMHCII binding
strength. Development of Th2 cells is favored by weaker TCR
signals than Th1 cell development (Boyton and Altmann, 2002;
Milner et al., 2010; van Panhuys et al., 2014). Indeed, Th2 cells
are enriched for longer CDR3 Va chains (Boyton et al., 2002).
Conversely, regulatory T cells have been shown to have higher
CD5 expression (Moran et al., 2011; our unpublished data) and
are more readily induced from CD5hi cells (Martin et al., 2013).
Follicular helper T cells have also been shown to preferentially
develop from CD4+ T cell clonotypes with the highest pMHCII
binding strength (Fazilleau et al., 2009). A recent study found
that although extrinsic factors, such as cytokines, influence
the fate of activated CD4+ T cells, there are clear clonotypic dif-
ferences in effector cell patterning that are controlled by the TCR
(Tubo et al., 2013). Such variability in effector responses among
clonotypes will particularly come into play when the precursor
frequency, and hence TCR diversity, is very low. Similarly, mem-
ory cell fate decisions of both CD4+ and CD8+ T cells are
impacted by pMHC binding properties of the TCR (Kim et al.,
2013; Knudson et al., 2013; Savage et al., 1999). Thus, the ‘‘so-
matic’’ repertoire may ensure a diversity of effector responses
by broadening the range of TCR affinities. Whether any of these
clonotypic properties are imparted by cell-intrinsic effects
related to self-pMHC binding, set either during thymic develop-
ment or as a result of peripheral interactions, remains to be
examined in more detail. For CD8+ T cells there is evidence
that self-pMHC interaction strength can impact properties not
directly downstream of the TCR, such as their proliferation in
response to IL-2 (Cho et al., 2010). For CD4+ T cells, recent
data suggest that the level of IL-2 production upon activation
by a mitogen or specific pMHC can be influenced by the
strength of self-pMHC signaling during thymic selection (Per-
saud et al., 2014).Immunity 41, August 21, 2014 ª2014 Elsevier Inc. 187
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The greatest challenge in the generation of a T cell repertoire is
to construct an effective protecton without knowledge of what
foreign antigens will be encountered by peripheral T cells during
the lifetime of an individual. Multiple factors play out in the con-
struction and architecture of a T cell repertoire. We hypothesize
that important aspects of its structure arise from the use of self-
ligands in the selection of the TCRs that go on to constitute
the peripheral T cell population. Because there is a direct rela-
tionship between self-pMHC and foreign agonist binding, the
ensemble of self-pMHC presented in the thymus acts as an
essential ‘‘test set’’ predictive of the capacity of a T cell to recog-
nize presented foreign antigen. A complement of TCRs is estab-
lished that are heterogeneous in self-pMHC reactivity within a
range that is set by thymic selection. This heterogeneity has
an impact on the TCRs that respond to foreign antigen and
contribute to the memory T cell repertoire. Viewing the architec-
ture of a T cell repertoire from a self-centric perspective and
defining the precise nature of the relationship between the reper-
toire of foreign specificities and of the self-pMHC ligands on
which T cells are selected will provide additional insight into
how biases in T cell responses to pathogen-derived antigens
arise. Incorporating an understanding of how self-pMHC reac-
tivity influences the structure of the TCR repertoire and the con-
sequences of heterogeneity in this parameter among T cells into
system models of T cell function and behavior will enable us
to optimize the design of effective vaccines, manipulate the
homeostasis of T cell populations, and develop interventions
for autoimmune diseases.
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